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Available online 15 January 2015AbstractThe purpose of this paper is to optimize the process parameter to get the better mechanical properties of friction stir welded AM20 mag-
nesium alloy using Taguchi Grey relational analysis (GRA). The considered process parameters are welding speed, tool rotation speed, shoulder
diameter and plunging depth. The experiments were carried out by using Taguchi's L18 factorial design of experiment. The processes parameters
were optimized and ranked the parameters based on the GRA. The percentage influence of each process parameter on the weld quality was also
quantified. A validation experimental run was conducted using optimal process condition, which was obtained from the analysis, to show the
improvement in mechanical properties of the joint. This study also shows the feasibility of the GRAwith Taguchi technique for improvement in
welding quality of magnesium alloy.
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Magnesium alloys are promising material for their attrac-
tive properties to replace aluminum and steel in structural and
mechanical applications. It has outstanding stiffness-to-weight
ratio, high damping capacity, lowest density among engi-
neering metallic materials and ease of recyclability [1].
Nowadays magnesium alloys are used for many practical ap-
plications due to its light weight in place of aluminum alloy
[2]. Volkswagen was the first automobile company which used
22 kg magnesium alloys on its Beetle model. The magnesium
alloys products are used in automotive industry like seat frame
(GM), door inner, steering wheel core, steering column (Ford,
Toyota, BMW), lift gate, instrument panel (GM, Ford,* Corresponding author. Tel.: þ91 361 2582656; fax: þ91 361 2582699.
E-mail address: spal@iitg.ernet.in (S. Pal).
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2213-9567/Copyright 2015, National Engineering Research Center for Magnesium Alloys of China, ChoToyota), transfer case (Volvo), engine parts (BMW), automo-
tive wheels (Toyota), electronic products, vibrating plates of
vibrating test machines etc. The use of magnesium alloys re-
duces the total weight of component about 22%e70% instead
of alternate material like aluminum and steel, so at the same
time reduces the fuel consumption and the CO2 emissions [3].
The main problem in case of magnesium alloy components
welded by conventional welding process are its low strength,
hot cracking, alloy segregation, partial melting zone and
porosity in the welded joint. So that the mechanical properties
and corrosion resistance decreases [4e6]. To overcome the
above mentioned drawback, friction stir welding (FSW) pro-
cess can be used to weld magnesium alloys.
FSW is an advanced welding process and has emerged as
an important solid state joining process. At first it was used for
welding aluminum alloys but now the research of FSW has
been extended to a variety of materials including magnesium,
copper, steels and composites. In this process, the welded
material is plasticized by heat generated due to the frictionngqing University. Production and hosting by Elsevier B.V. All rights reserved.
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and the contact surface of a special rotating tool. A schematic
diagram of the FSW process is shown in Fig. 1. The steps of
the process are: clamping and positioning of workpiece and
tool, tool plunging into the workpiece, tool traversing along
the joint line and tool removal after completion of welding.
The FSW tool consists of three distinct parts namely, shank,
shoulder and pin. Shank is used for holding purpose and
shoulder and pin generate frictional heat on the workpiece.
Shoulder is mainly responsible for the generation of heat and
containing the plasticized material in the weld zone, while pin
mixes the material of the components to be welded, thus
creating a joint.
Even though the FSW process offers many advantages,
very less number of investigations has been carried out on
FSW of magnesium alloys. Razal Rose et al. [7] studied the
effect of axial force on tensile properties of AZ61A magne-
sium alloy. They found that 5 kN axial force, which was varied
from 3 kN to 7 kN, exhibits superior tensile properties. Chen
et al. [8] investigated the effect of grain size on mechanical
properties of AMX602 magnesium non-combustive alloy.
Commin et al. [9] investigated the processing parameters and
the properties of welded joint of AZ31-O magnesium alloy
and discussed the potential for using FSW in the aircraft in-
dustry. Rajakumar et al. [10] did parametric study on FSW of
AZ61A magnesium alloy. They developed an empirical rela-
tionship to predict tensile properties. Harikrishna et al. [11]
used FSW process to weld ZM21 magnesium alloy and
studied the tensile strength and bending strength. They found
that tensile strength was 75% of base material and welded
joint band up to 65. Chai et al. [12] reported strain rate and
tensile strength of friction stir processed (FSP) AZ91 mag-
nesium alloy. Padmanaban et al. [13] compared three weldingFig. 1. Schematic representation of FSW process: (a) positioning plates and tool bef
removal and e) schematic of an FSW tool.processes namely, gas tungsten arc welding (GTAW), FSW
and laser beam welding (LBW). They found that LBW exhibit
14% higher strength compared to GTAW and 2% compared to
FSW. Razal Rose et al. [14] studied the influence of welding
speed on tensile properties of friction stir welded AZ61A
magnesium alloy. They found that the welding speed was the
main causes for the formations of fine grain in the stir zone
which leads to higher hardness and acceptable tensile prop-
erties. Balamurugan et al. [15] investigated the effect of tool
profile on mechanical and tribological properties of FSP
AZ31B magnesium alloy. They used concave and stepped type
shoulder and studied the grain size, corrosion rate, tensile
properties, and tool wear. Nia et al. [16] examined the effect of
thread pitch and water cooling action on the mechanical and
microstructural properties of FSP AZ31 magnesium alloys.
They found that the thread pin with 1 mm pitch improved
mechanical properties and microstructure uniformity than the
pin with 3 mm pitch. Yu et al. [17] studied microstructural
modification and mechanical properties improvement in fric-
tion stir zone of thixo-molded AE42 magnesium alloy. They
found that the grain became finer when welding speed in-
creases and the stir zone hardness and tensile strength in-
creases due to refine of grain. Microstructural and mechanical
properties of friction stir welded AZ31B magnesium alloy
added with cerium was studied by Sirong et al. [18]. It was
found that tensile properties added with cerium was more
compare to without cerium and the micro hardness in the weld
nugget slightly lower than that in the base material.
Chien et al. [19] optimized the FSW process parameter
using Taguchi grey relational analysis for Al alloy. They found
that the most significant process parameter is tool pin length
and tool tilt angle is insignificant parameter. Datta et al. [20]
studied the feasibility of the Grey-based Taguchi techniqueore plunging, (b) plunging of the pin, (c) tool traversing along the joint, (d) pin
Table 2
Process parameters with their levels.
Level Plunge depth
(mm)
Tool rotational
speed (rev/min)
Welding speed
(mm/min)
Shoulder
diameter (mm)
1 0.12 600 63 16
2 0.21 815 98 20
3 1100 132 24
Table 3
Taguchi's L18 design matrix.
Exp. No. Plunge depth
(mm)
Tool rotation
speed (rev/min)
Welding speed
(mm/min)
Shoulder
diameter (mm)
1 0.12 600 63 24
2 0.12 600 98 20
3 0.12 600 132 16
4 0.12 815 63 24
5 0.12 815 98 20
6 0.12 815 132 16
7 0.12 1100 63 20
8 0.12 1100 98 16
9 0.12 1100 132 24
10 0.21 600 63 16
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process. Aydin et al. [21] found that Taguchi method is a very
effective tool for process optimization under limited number
of experimental runs. Experimental results showed that tensile
strength and elongation of welded AA1050-H22 aluminum
alloy are greatly improved by using Grey based Taguchi
method. Vijayan et al. [22] studied the optimization of process
parameters in FSW of aluminum alloy AA5083 with multiple
responses based on orthogonal array with grey relational
analysis. Their objective was to find the optimum levels of the
process parameters in which it yields maximum tensile
strength and consumes minimum power. Kasman [23] studied
on multi-response optimization for dissimilar FSW of
AA6082-AA5754 aluminum alloys. He found that Taguchi
based grey relational analysis can be successfully used to
optimize dissimilar FSW process.
From the literature, it is found that published information
on FSW of magnesium alloys are less as compared to very
wide research on aluminum alloys. Further, most of the re-
searchers considered only few weld quality parameters (not
more than three parameters) and also optimization technique
was not used to optimize the process parameter settings for
Mg alloys. Therefore in this work, Taguchi Grey relational
analysis technique was applied to optimize the multiple
quality characteristics of friction stir welded AM20 magne-
sium alloys. The algorithm applied here was successfully used
for both detraining the optimum process parameters settings
and for combining multiple quality characteristics into one
integrated numerical value called Grey relational grade.
Experiment was conducted using Taguchi's L18 factorial
design of experiment. The percentage contribution of each
process parameter was also determined using analysis of
variance (ANOVA).
2. Experimental work
In this investigation, AM20 magnesium alloy with dimen-
sion of 1001004 mm was used to get square butt joint in
single pass weld. The chemical composition, in weight per-
centage, of the AM20 is Al-2.03%, Mn-0.43%, Zn-0.18%, Si-
0.04% and the balance is Mg which was found from the EDX
test. The mechanical properties of the base material are given
in Table 1. The plates were properly positioned and clamped
using a special fixture. The tool used in this work was H13 tool
steel having shoulder diameter of 16e24 mm, pin diameter
6 mm and pin length 3.5 mm. There are large numbers of
independent parameters which can control the FSW process.
Some preliminary experiments were conducted in order to
determine important parameters and their range. Four process
parameters namely, tool rotation speed, welding speed,Table 1
Mechanical properties of the base material.
Yield strength
in MPa
Ultimate tensile
Strength in MPa
Elongation
in %
Compressive
strength in MPa
Hardness
(HV)
160 202 7 14 46shoulder diameter and plunge depth were considered in this
investigation. The level of each parameters were considered on
the basis of one level above and below to the normal operating
level, where successful welding can be obtained. Three pa-
rameters in three levels and one parameter in two levels were
varied, which are shown in Table 2. Plunging depth was varied
in two levels because in higher plunging depth welded zone
becomes thinner compared to the base metal which causes less
effective strength.
In order to minimize the number of experiments Taguchi's
L18 factorial design of experiment was adapted in this work,
design matrix is given in Table 3. Eight weld quality param-
eters, namely ultimate tensile strength (UTS), yield strength
(YS), percentage of elongation (% E), compressive stress
(CS), bending angle, average hardness at the nugget zone
(NZ), thermo mechanical affected zone (TMAZ) and heat
affected zone (HAZ) were measured after the experiment and
are given in Table 4. Tensile specimens were prepared as per
ASTM E8 standard dimensions and tested in universal testing
machine (Make: INSTRON, Model 8801). One tensile testing
specimen is shown in Fig. 2. The maximum UTS and YS of
the welded joint are 132.17 MPa and 115.56 MPa which are
65% and 72% of the base metal, respectively. The maximum
bending angle of the welded sample is 90 in case of Exp.
No.14, which is shown in Fig. 3, whereas the base metal
maximum bending angle is slightly more than 90. The
hardness was also measured and the overall hardness is shown11 0.21 600 98 24
12 0.21 600 132 20
13 0.21 815 63 20
14 0.21 815 98 16
15 0.21 815 132 24
16 0.21 1100 63 16
17 0.21 1100 98 24
18 0.21 1100 132 20
Table 4
Experimentally measured output responses corresponding to the parameters setting mentioned in Table 3.
Exp. No. UTS (MPa) YS (MPa) % E CS (MPa) Bending angle () Avg. Hat NZ (HV) Avg. H at TMAZ(HV) Avg. Hat HAZ (HV)
1 132.17 115.56 2.17 9.46 45 55.76 52.03 48.50
2 112.46 105.96 1.89 4.38 30 56.52 53.63 50.67
3 59.48 48.50 1.07 1.50 15 54.38 52.78 50.42
4 91.20 74.55 2.63 7.06 35 56.71 54.34 50.92
5 101.10 90.16 1.83 7.39 45 55.90 53.33 49.92
6 65.56 60.13 1.57 3.72 20 56.43 53.73 50.42
7 100.99 90.55 2.76 5.11 30 54.43 53.58 50.75
8 54.90 46.50 1.33 7.38 55 53.48 51.33 50.66
9 127.27 86.86 5.87 5.42 30 59.38 58.90 53.50
10 63.25 60.89 1.33 5.23 30 57.24 54.66 50.92
11 113.04 109.64 1.46 5.23 35 52.00 50.36 48.66
12 90.83 86.50 1.07 1.51 15 54.38 52.30 49.41
13 49.02 43.63 1.63 2.38 20 54.43 52.00 51.00
14 68.47 60.01 2.00 9.78 90 55.90 53.41 50.71
15 101.02 84.61 2.93 5.20 30 51.29 50.33 48.75
16 46.02 38.15 1.26 6.73 60 52.52 51.67 49.67
17 78.55 77.47 1.76 8.37 85 53.95 53.67 47.83
18 107.52 84.60 2.66 5.13 30 54.16 52.50 49.17
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values at various zones. From the tensile fractured surface,
shown in Fig. 5, it was found that there are very less dimples
on the fractured surface which indicates that the type of
fracture is not pure ductile fracture.
3. Taguchi grey relational analysis
Genichi Taguchi developed a method based on orthogonal
array of experiments, which provides much reduced variance
for the experiment with optimum setting of process control
parameters. In order to evaluate the process parameters, the
Taguchi method uses a statistical measure of performance,
called as signal-to-noise (S/N) ratio. The S/N ratio is a loga-
rithmic function of desired output serves as objective functions
for optimization. The S/N ratio is the ratio of the mean (signal)
to the standard deviation (noise). This ratio is a measure of
robustness used to identify control factors that reduce vari-
ability in a product or process by minimizing the effects of
uncontrollable factors. The standard S/N ratios generally used
are categorized as Nominal the best (NB), Lower the better
(LB) and Higher the better (HB). The S/N ratio for each
quality characteristic can be computed independently and
regardless of the category of the performance characteristics, a
larger S/N ratio corresponds to better quality characteristics.Fig. 2. Tensile tesHowever, the traditional Taguchi method cannot optimize
multi objective optimization problem. To overcome this,
Taguchi method is combined with Grey relational analysis
(GRA) to optimize multi objective problems.
The Grey system theory, was proposed by Deng in 1982, is
mainly used to study uncertainties in system models, analyze
relations between systems, establish models and make fore-
casts and decisions. In GRA, experimental data are first
normalized in the range of zero to one, called grey relational
generation. Based on that normalized data the grey relational
coefficient is calculated to represent the correlation between
desired and actual experimental data. Then overall grey rela-
tional grade is calculated by averaging the grey relational
coefficient for the respective responses. So the multi responseted specimen.
Fig. 3. Bending tested specimen.
Fig. 4. Hardness profiles of all the experiments.
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optimization problem with overall grey relational grade
(GRG) as objective function. Then the last step is to perform
the analysis of variance (ANOVA) and prediction of optimal
GRG. The details of all the steps required to do the GRA are
given as follows:
The data collected from the experiments are normalized in
the range of 0e1. If the objective is to minimize the response
then LB criteria is used to normalize the reference sequence
using Eq. (1) [20]. If the objective is to maximize then HB
criteria is used to normalize the reference sequence using Eq.
(2) [20,23].
xiðkÞ ¼ maxyiðkÞ  yiðkÞ
maxyiðkÞ minyiðkÞ ð1Þ
xiðkÞ ¼ yiðkÞ min yiðkÞ
maxyiðkÞ minyiðkÞ ð2Þ
where, xi (k) is the value after the grey relational generation,
min yi (k) is the smallest value of yi(k) for the kth response, andFig. 5. SEM morphologies of fracture surface of Exp. No 1.max yi(k) is the largest value of yi(k) for the kth response.
i ¼ 1, 2, 3… the number of experiments and k ¼ 1, 2, 3… the
number of responses.
Next, grey relation coefficient (GRC) is calculated to
identify the relationship between the reference sequence and
compatibility sequence. The GRC ðxÞ can be calculated using
Eq.3 [23].
x¼ Dmin þjDmax
D0iðkÞ þjDmax ð3Þ
where, D0iðkÞ ¼ kx0ðkÞ  xiðkÞk¼difference of the absolute
value of x0(k) and xi(k);j is the distinguishing
coefficient;0 j 1, Dmin is the smallest value of D0i (k)D and
Dmax is the largest value of D0i (k).The GRG (gÞ is the mean
GRC and can be calculated using Eq. (4).It provides the in-
formation about the relationship among the sequences. Its
value lies in the range of 0 to 1.
gi ¼
1
n
Xn
k¼1
xiðkÞ ð4Þ
where, n is the number of process responses. Optimal value of
GRG can be predicted by using the Eq. (5).
ge ¼ gmþ
Xq
i¼1
ðgi gmÞ ð5Þ
where gm is the total mean of the GRG, q is the number of
input parameters, and gi is the mean GRG value at the optimal
level for the ith parameter. ANOVA method is also used to find
the statistical significance of each factor and the percentage
contribution of each process parameter on the responses.
4. Implementation of Taguchi GRA for selection of
optimal parameter settings
In the present investigation, Taguchi GRA has been applied
for selection of optimal parameter settings. All the eight
Table 5
Data processing of each performance characteristic (Grey relational generation).
Exp. No. UTS (MPa) YS (MPa) % E CS (MPa) Bending angle () Avg. H at NZ (HV) Avg. H at TMAZ (HV) Avg. H at HAZ (HV)
1 1.0000 1.0000 0.2291 0.9613 0.4000 0.5525 0.1983 0.1181
2 0.7712 0.8759 0.1708 0.3478 0.2000 0.6464 0.3850 0.5008
3 0.1562 0.1337 0.0000 0.0000 0.0000 0.3819 0.2858 0.4567
4 0.5244 0.4702 0.3250 0.6714 0.2666 0.6699 0.4679 0.5449
5 0.6393 0.6718 0.1583 0.7113 0.4000 0.5698 0.3500 0.3686
6 0.2268 0.2839 0.1041 0.2681 0.0666 0.6353 0.3967 0.4567
7 0.6380 0.6769 0.3520 0.4359 0.2000 0.3881 0.3792 0.5149
8 0.1030 0.1078 0.0541 0.7101 0.5333 0.2707 0.1166 0.4991
9 0.9431 0.6292 1.0000 0.4734 0.2000 1.0000 1.0000 1.0000
10 0.2000 0.2937 0.0541 0.4504 0.2000 0.7354 0.5052 0.5449
11 0.7779 0.9235 0.0812 0.4504 0.2666 0.0877 0.0035 0.1463
12 0.5201 0.6245 0.0000 0.0012 0.0000 0.3819 0.2298 0.2786
13 0.0348 0.0707 0.1166 0.1062 0.0666 0.3881 0.1948 0.5590
14 0.2605 0.2823 0.1937 1.0000 1.0000 0.5698 0.3593 0.5079
15 0.6384 0.6001 0.3875 0.4468 0.2000 0.0000 0.0000 0.1622
16 0.0000 0.0000 0.0395 0.6316 0.6000 0.1520 0.1563 0.3245
17 0.3775 0.5079 0.1437 0.8297 0.9333 0.3288 0.3897 0.0000
18 0.7138 0.6000 0.3312 0.4384 0.2000 0.3547 0.2532 0.2363
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either Eqs. (1) or (2). Two cases have been considered for
optimization: Case-1 e all the quality parameters were
considered as “higher the better” i.e., the objective of Case-1 is
maximization of all quality parameters. In Case-2 e UTS, YS,
CS, and bending angle were considered as “higher the better”
and percentage elongation and average hardness values at NZ,
TMAZ and HAZ were considered as “lower the better”, i.e.,
the objective of Case-2 is maximization of UTS, YS, CS, and
bending angle and simultaneously minimization of percentage
elongation and hardness values. Depending upon user's choice
or requirement either Case-1 or Case-2 can be used. This is
because some applications need higher values of the quality
parameters. In that condition, Case-1 is suitable, whereas
Case-2 is suitable if tensile property should be high and
hardness should be low.Table 6
Grey relational grades with corresponding S/N ratios.
Exp. No. GRG S/N Ratio (dB)
4.1. Case-1: all the output responses are taken as
“higher the better”1 0.6312 3.9961
2 0.5271 5.5621
3 0.3845 8.3009
4 0.5053 5.9279
5 0.5075 5.8907
6 0.4284 7.3620
7 0.4851 6.2826
8 0.4351 7.2278
9 0.7929 2.0148
10 0.4607 6.7303
11 0.4814 6.3489
12 0.4165 7.6077
13 0.3905 8.1666
14 0.5845 4.6629
15 0.4356 7.2170
16 0.4136 7.6683
17 0.5196 5.6861
18 0.4635 6.6782
Average GRG is 0.492429 Average S/N ratio is
6.29624The output responses were normalized by considering HB
criteria using Eq. (2), normalized data are given in Table 5.
Then the GRCs were calculated by using the Eq. (3). And
finally, GRGs were calculated using Eq. (4). In this step, the
multiple performance characteristics were converted into a
single GRG value. The GRG values and corresponding S/N
ratio of all the experiments are given in Table 6. It was found
that the GRG values vary between 0 and 1. ANOVA analysis,
shown in Table 7, was also performed to find the statistical
significance and percentage contribution of each parameter.
The ANOVA separates the total variability into contributions
of each process parameter and the error.
It can be seen in Table 7 that the factor SD has highest
contribution (26.56%) on the total variability, next the factor
PD with 8.94%. However, the contributions of RPM and WS
are low. Moreover, the contribution of error term is 57.99%which is more than the total contribution of all the considered
factors. This may be due to the interaction effects of the
design parameters which were not considered separately in
this analysis. Therefore, to estimate the contribution of two-
factor interactions on the responses, ANOVA was performed
again by considering 3 twoefactor interactions, which is
shown in Table 8. It can be seen in Tables 7 and 8 that the
contributions of all the design parameters remain same. The
ANOVA in Table 8 indicates that the interaction effects of
RPMSD and PDSD are very high compared to
PD  RPM. The relative contribution on the total variability
of factors and interactions are found in the order of SD,
PDSD, RPMSD, PD, PDRPM, WS, and RPM. The error
Table 7
ANOVA of the S/N ratio for grey relational grade.
Source DF Sum of Squares Variance Mean Sum F-value Probability of significance Percentage of contribution
PD 1 3.736 3.736 3.7365 1.54 0.243 8.94
RPM 2 1.270 1.270 0.6349 0.26 0.775 3.04
WS 2 1.452 1.452 0.7261 0.30 0.748 3.47
SD 2 11.104 11.104 5.5520 2.29 0.152 26.56
Residual error 10 24.247 24.247 2.4247 57.99
Total 17 41.810
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57.99% originally.
The mean S/N ratio for each factor at different levels are
calculated and shown in Table 9. The mean effect plot of
process parameters on the GRG is also shown in Fig. 6. Based
on the mean effect plot (Fig. 6), the optimal parametric
combination for this multi-criterion optimization problem is
found to be at levels 1, 3, 2 and 3 of factors plunge depth, tool
rotation speed, welding speed and shoulder diameter, respec-
tively. The prediction of optimal S/N ratio is calculated using
Eq.5 and is given in Table 10. To verify the predicted S/N ratio
value, a confirmation experiment was carried out by using the
optimal parameter combinations. The optimal parameters are
plunging depth at 0.12 mm, rotational speed at 1100 RPM,
welding speed at 98 mm/min and shoulder diameter at 24 mm.
The output results of the confirmation experiment are given in
Table 10. The increase of the S/N ratio value from the initially
best result (Exp.No 1, which had maximum S/N ratio value) to
the optimal experimental conditions is about 0.0229 dB. It also
found that the percentage of error with the predicted and
experimental data is 10.93 %.4.2. Case-2: some of output responses taken as “higher
the better” and other are taken as “lower the better”Table 9
Response table for S/N ratio (higher the better) of grey relational grade.
Level PD RPM WS SD
1 5.841a 6.424 6.462 6.992
2 6.752 6.538 5.896a 6.698
3 5.926a 6.530 5.199a
Delta 0.911 0.612 0.634 1.794
Rank 2 4 3 1
a Optimal level of parameters (PD1, RPM3, WS2, SD3)In this case, the output responses, namely UTS, YS, CS,
and bending angle are normalized using HB criteria by using
the Eq.2. Percentage elongation and average hardness values
at NZ, TMAZ and HAZ are normalized using LB criteria by
using the Eq. (1). All the steps to calculate the GRG values are
followed as discussed in case-1. The calculated GRG for each
experimental condition and average GRG are given in Table
11. From the ANOVA analysis, shown in Table 12, it can be
seen that the factor welding speed has highest contributionTable 8
ANOVA of the S/N ratio for grey relational grade by considering interaction effec
Source DF Sum of squares Variance Mean sum
PD 1 3.7366 3.7366 3.73663
RPM 2 1.2698 1.2698 0.63491
WS 2 1.4521 1.4521 0.72603
SD 2 11.1037 11.1037 5.55186
PD  RPM 2 3.1251 3.1251 1.56256
RPM  SD 4 9.9937 9.9937 2.49842
PD  SD 2 10.0203 10.0203 5.01014
Residual error 2 1.1072 1.1072 0.55361
Total 17 41.810(21.46%) whereas in case-1, shoulder diameter had highest
contribution (26.56%). Moreover, 3 parameters have more
than 10% contribution in comparison with one parameter in
case-1. The contribution of error term (46.92%) is also very
high like case-1. Therefore, ANOVA by considering 3
twoefactor interactions effect was also performed to estimate
the contribution of two-factor interactions on the responses,
which is shown in Table 13. The ANOVA in Table 13 indicates
that the interaction effects of RPM  SD and PD  RPM are
more compared to PDSD.
The mean S/N ratio and mean effect plot of process pa-
rameters are shown in Table 14 and Fig. 7, respectively. Based
on the mean effect plot (Fig. 7), the optimal parametric
combination for case-2 is found to be at levels 2, 1, 2 and 3 of
factors plunge depth, tool rotational speed, welding speed and
shoulder diameter, respectively. This optimal condition is not
same as the case-1. A confirmation experiment was also car-
ried out by using the optimal parameter combinations. The
output results of the confirmation experiment are given in
Table 15. The increase of the S/N ratio value from the initially
best result (Exp. No 1, which had maximum S/N ratio value)
to the optimal experimental conditions is about 0.1155. It also
found that the percentage of error with the predicted and
experimental data is 6% which is less compared to case-1.ts.
F value Probability of significance Percentage of contribution
6.75 0.026 8.94
1.15 0.248 3.04
1.31 0.216 3.47
10.03 0.010 26.56
2.82 0.082 7.47
4.51 0.013 23.90
9.05 0.012 23.97
2.65
Fig. 6. Response plot for GRG.
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surface methodologyTable 11
Grey relational grades with corresponding S/N ratios.
Exp. No. GRG S/N ratio (dB)
1 0.758544 2.40038
2 0.568983 4.89801
3 0.516305 5.74187
4 0.504431 5.94396
5 0.582995 4.68670
6 0.488342 6.22552
7 0.531647 5.48753
8 0.591200 4.56531
9 0.459636 6.75172
10 0.492872 6.14532
11 0.739888 2.61668
12 0.580310 4.72680
13 0.495519 6.09879
14 0.635001 3.94451
15 0.664220 3.55376
16 0.607460 4.32965
17 0.689965 3.22346
18 0.572069 4.85103
Average GRG is 0.582188 Average S/N ratio is
4.78839Response surface methodology (RSM) consists of a group
of mathematical and statistical techniques that can be used to
defines the relationships between the response and the inde-
pendent variables. RSM optimization study has three stages
which are followed in this analysis. The first stage is the
preliminary work in which the determination of the indepen-
dent parameters and their levels are carried out. The second
stage is the selection of the experimental design and the pre-
diction and verification of the model equation. The last one is
obtaining the response contour plot or/and surface plot of the
response as a function of independent parameters and deter-
mination of optimum points. The model equation for RSM to
represent independent process parameters in quantitative form
is given in Eq.6. Where, Y is the response, f is the response
function, and ε is the experimental error, and X1, X2, X3 … Xn
are independent parameters.
Y ¼ f ðX1;X2;X3;…XnÞ±ε ð6Þ
By plotting the output response of Y, the response surface is
obtained. The form of f is unknown and may be very
complicated. RSM aims at approximating f by a suitable lower
ordered polynomial in some region of the independent process
variables. If the response can be well modeled by a second
order polynomial function of the independent variables, then
Eq.6 can be written as Eq.7. Where, C0, Ci, and di are the
constant.
Y ¼ C0þ
Xn
i¼1
CiXnþ
Xn
i¼1
diX
2
i ±ε ð7ÞTable 10
Results of the confirmation experiment.
Output Initial parameter setting
(PD1, RPM1, WS1, SD3)
UTS 132.17
YS 115.56
% Elongation 2.17
Compressive stress 9.46
Bending angle 45
Hardness at NZ 55.76
Hardness at TMAZ 52.03
Hardness at HAZ 48.50
S/N Ratio (dB) 3.9961The objective of RSM is not only to investigate the
response over the entire parameters space, but also to locate
the region where the response reaches its optimum or near
optimal value. By studying the response surface model, the
combination of factors, which gives the best response, can
then be established [24]. The detail study of the RSM method
has not been done here, for confirmation purpose only contour
analysis has been done, using Minitab software, and compared
with the GRA, discussed in Section 4.1.Prediction Confirmation experiment
(PD1, RPM3, WS2, SD3) (PD1, RPM3, WS2, SD3)
135.05
113.25
5.37
8.02
45
55.26
53.09
49.12
3.9732 3.5818
Table 12
ANOVA of the S/N ratio for grey relational grade.
Source DF Sum of squares Variance Mean sum F value Probability of significance Percentage of contribution
PD 1 2.889 2.889 2.8888 2.23 0.166 10.46
RPM 2 1.340 1.340 0.6702 0.52 0.611 4.86
WS 2 5.924 5.924 2.9618 2.29 0.152 21.46
SD 2 4.499 4.499 2.2493 1.74 0.225 16.30
Residual error 10 12.955 12.955 1.2955 46.92
Total 17 27.606
Table 13
ANOVA of the S/N ratio for grey relational grade by considering interaction effects.
Source DF Sum of squares Variance Mean sum F value Probability of significance Percentage of contribution
PD 1 2.8888 2.8888 2.8888 2.70 0.165 10.46
RPM 2 1.3405 1.3405 0.6702 0.63 0.563 4.86
WS 2 5.9236 5.9236 2.9618 2.76 0.164 21.46
SD 2 4.4986 4.4986 2.2493 2.10 0.223 16.30
PD  RPM 2 4.3542 4.3542 2.1771 2.03 0.273 15.77
RPM  SD 4 5.5580 5.5580 1.3895 1.29 0.313 20.13
PD  SD 2 0.9003 0.9003 0.4501 0.42 0.668 3.26
Residual error 2 2.1423 2.1423 1.0712 7.76
Total 17 27.6063
Table 14
Response table for S/N ratio (Higher the better) of grey relational grade.
Level PD RPM WS SD
1 5.189 4.422a 5.068 5.159
2 4.388a 5.076 3.989a 5.125
3 4.868 5.308 4.082a
Delta 0.801 0.654 1.319 1.077
Rank 3 4 1 2
a Optimal level of parameters (PD2, RPM1, WS2, SD3)
44 P.K. Sahu, S. Pal / Journal of Magnesium and Alloys 3 (2015) 36e46The analysis has been done by considering two input pa-
rameters with the GRG value and keeping an average value of
other two parameters as shown in Fig. 8(aef). Fig. 8(a) shows
that better GRG can be obtain at plunging depth 0.21 and at
tool rotational speed of 815 RPM. Fig. 8(b) shows that better
GRG can be obtain at lower plunging depth of 0.12e0.14 mm
and at the welding speed of 98e132 mm/min. When consid-
ering shoulder diameter and plunging depth it is found that
highest value GRG i.e., >0.70 can be obtain at 0.12 mm
plunging depth and 24 mm shoulder diameter as shown in
Fig. 8(c). When considering welding speed and tool rotationalFig. 7. Response pspeed, it is found that better GRG can be obtain at welding
speed 98e120 mm/min and tool rotational speed a 1100 RPM
as shown in Fig. 8(d). From Fig. 8(e) it is found that GRG
value of >0.64 can be obtain at shoulder diameter of 24 mm
and at rotational speed of 1100 RPM. Similarly from Fig. 8(f)
it is found that a better GRG value can be obtain at shoulder
diameter 24 mm and at welding speed 90e132 mm/min. From
the overall analysis it is found that highest value of GRG can
be obtain when shoulder diameter is considered as an input
parameter. So it can be concluded that the shoulder diameter is
the most effective parameter among all the parameters, which
also found in Table 9.
5. Conclusion
To optimize the welding process parameter of AM20
magnesium alloy, Taguchi grey relational analysis was applied
in this investigation. The following conclusions can be drawn
from the present research:
1. Observation concludes that the optimized process pa-
rameters are plunge depth at 0.12 mm, rotational speed atlot for GRG.
Table 15
Results of the confirmation experiment.
Output Initial parameter setting
(PD1, RPM1, WS1, SD3)
Prediction Experiment
(PD2, RPM1, WS2, SD3) (PD2, RPM1, WS2, SD3)
UTS 132.17 121.66
YS 115.56 105.11
% Elongation 2.17 1.50
Compressive stress 9.46 5.53
Bending angle 45 35
Hardness at NZ 55.76 52.23
Hardness at TMAZ 52.03 50.74
Hardness at HAZ 48.50 48.33
S/N ratio (dB) 2.4003 2.5158 2.3733
45P.K. Sahu, S. Pal / Journal of Magnesium and Alloys 3 (2015) 36e461100 rev/min, welding speed at 98 mm/min and shoulder
diameter at 24 mm for case-1 and plunging depth at
0.21 mm, rotational speed at 600 rev/min, welding speed
at 98 mm/min and shoulder diameter at 24 mm for case-
2.
2. The AVOVA results show that the most effective param-
eter is shoulder diameter for case-1 and welding speed for
case-2 among all the considered parameters. Other
parameter namely plunge depth, tool rotation speed andFig. 8. Analysis of the GRG by respwelding speed are ranked as 2, 3, and 4, respectively for
case-1 and shoulder diameter, plunge depth and tool
rotation speeds, are ranked as 2, 3, and 4, respectively for
case-2.
3. It is apparent from the ANOVA results that two factor
interactions play a significant role on the weld quality.
4. It also found from the RSM analysis that the most effective
parameter is shoulder diameter for case-1 and welding
speed for case-2.onse surface method for case-1.
46 P.K. Sahu, S. Pal / Journal of Magnesium and Alloys 3 (2015) 36e465. The study has proved the feasibility of Taguchi grey
relational analysis method for solving multi-response
optimization problem in FSW process.Acknowledgments
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